Abstract. Using the data accumulated at LEP in 1989 and 1990 with the ALEPH detector, the inclusive and exclusive branching ratios of the r lepton have been measured assuming lepton universality in Z ~ decays. The inclusive branching fractions for the r decay into one, three, and five charged particles have been determined to be (85.45 _+ 0.97)%, (14.35 _+ 0.48)%, and (0.10 _+ 0.05)%, respectively, in agreement with the world averages. New undetected decay modes are determined to have a branching fraction of less than 2.1% at 95% CL. The measured branching ratios for quasi-exclusive channels are slightly larger than, but consistent with the world averages, except for the modes r~3 hadrons+v~ and r~hadron + 2 7c~ which are significantly larger. These latter branching ratios have been found to be (9.5 __+ 0.7)% and (10.2 _+ 1.1)%, respectively. The sum of all the measured quasi-exclusive branching ratios is (100.4 1.8)%. A fully exclusive analysis of modes with neutral pions shows no evidence for new photonic decay modes with a branching fraction limit of 3.4% at 95% CL.
Introduction
The experimental situation on the r branching fractions is uncertain in that there exist several discrepancies among [1] . In particular the so-called "one-prong problem" [2, 3] has been a long-standing puzzle: measurements of single channels by different experiments lead to a deficit in the sum of the branching ratios B i for exclusive one-prong channels compared to the corresponding one-prong inclusive fraction (BIT). Using the latest world-average values, this deficit amounts to [4] ABwA=Blr-~, Bi(one-prong) = +(4.2_+3.1)%. (1) i A larger discrepancy is obtained by using for the channel r~rc3rc~ the theoretical prediction [3, 5, 6 ] based on CVC and e § e data instead of the imprecise experimental value, with the result ABwA = + (5.8 @ 1.4)%. (2) Whether the quoted effect in (2) is the result of uncontrolled systematic effects between experiments or a signal for undetected decay modes of the r lepton is largely an open matter. A possible solution has been indicated by the CELLO experiment [7] in a global analysis of the 2-branching fractions, which yielded larger branching ratios for the r~37rv~ and rc2rc~ modes than those determined previously. 28 In this paper a global analysis of the r branching ratios is presented using a clean sample of r leptons from Z ~ decays at LEP and taking into account the particularly advantageous properties of the ALEPH detector for this investigation and the feasibility of an accurate absolute normalization for the r +r-sample on the basis of the other leptons. The latter allows the measurement of absolute branching ratios for all detected r-decay channels and, therefore, opens the possibility to search for "missing" decays.
This analysis is performed to investigate the following aspects:
9 The inclusive measurement of topological (charged prong) branching ratios: the analysis is applied to complete z +r-events with respect to their global topology. A sum of branching ratios less than 100% would indicate the existence of r decays which are not selected by the analysis. 9 The measurement of quasi-exclusive branching ratios for all channels: in this case, further cuts are required for particle identification and the basic sample consists of all identified r decay candidates. Here r decays are classified in generic classes defined by the number of charged particles, the number of reconstructed g~ and the photon multiplicity to take into account single or unresolved photons originating from n ~ decays and possibly from other sources. 9 The measurement of exclusive branching ratios: exclusive modes are defined on the basis of reconstructed ~z~ only. The corresponding branching ratios are compared with the results of the quasi-exclusive analysis to set a limit on the existence of possible channels where photons may not come exclusively from 7r ~ decays, for example decays involving r/'s.
Emphasis is placed on redundancy and control of possible systematic effects. The description of the ALEPH detector, the event selection, particle identification, y/n ~ reconstruction, the Monte Carlo generator for r production and decays, and the different analysis methods and their results are presented in turn.
The ALEPH detector
A detailed description of the ALEPH detector can be found in [8] . Despite the fact that, at LEP energies, r decays are collimated in a cone of a few degrees opening angle, ALEPH is well suited to study these decays because of its excellent granularity in the different subdetectors.
The primary ALEPH tracking device is a large time projection chamber (TPC) providing three-dimensional track coordinates with the following properties : large radial coverage (from 0.3 to 1.8 m), accurate spatial precision (160 gm for the r~b coordinate transverse to the beam axis, 1 mm for the z coordinate along the beam axis), and a large number of space coordinates along a track (up to 21). Inside the TPC, an inner tracking chamber (ITC) provides r 4) coordinates for tracking and triggering. In the presence of a 1.5 Tesla magnetic field, the two subdetectors provide [9] a transverse momentum resolution of:
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and an angular separation between two tracks of less than 1 ~ A finely segmented electromagnetic calorimeter (ECAL), consisting of 45 layers of lead interleaved with proportional tubes, is located inside the superconducting coil to minimize the amount of intervening material. It is built in 36 modules, twelve in the barrel part and twelve in each endcap. Cathode pads in each layer are connected internally to form "towers" pointing towards the interaction point. Each of the 73,728 towers, covering an angular width of typically 0.9 ~ • 0.9 ~ is read-out in three sections ("stacks") of 4, 9 and 9 radiation lengths in depth. A shower is spread over several towers ("cluster") and its centroid is measured with an accuracy of 2 ram. The energy resolution is AE 0.19
The hadron calorimeter (HCAL) has 23 layers of iron absorber each 5 cm thick with limited streamer tubes 9 x 9 mm 2 in cross section between each layer. The tower read-out is built from pads with an angular size of 3.7 ~ x 3.7 ~ Strips running along the tubes provide a digital read-out giving a two-dimensional view of the development of hadronic showers and muon trajectories. The two calorimeters, ECAL and HCAL, are rotated by 2 ~ with respect to each other to avoid overlapping of the small gaps ("cracks") between modules.
Particles identification is achieved using dE/dx in the TPC (up to 360 samplings, of which the lowest 60% are used to calculate a truncated mean), the energy deposits in the three stacks of ECAL, and the shower pattern in HCAL.
Events are recorded in ALEPH if they satisfy a threelevel triggering procedure. The main first level triggers are: 9 ECAL energy greater than 6.5 GeV in the barrel or 3.8 GeV in either endcap or greater than 1.6 GeV in both endcaps. 9 ECAL energy greater than 1.3 GeV (reduced to 0.2 GeV in the data of 1990) in a module in the same azimuthal region as an ITC track. 9 A particle penetrating HCAL in the same azimuthal region as an ITC track.
A number of subsidiary triggers provide redundancy and allow the trigger efficiencies to be studied. The trigger inefficiency is 0.15% for r+r events within the fiducial region and is known with an accuracy better than 0.05%.
Event selection
This analysis has been performed on data collected by ALEPH in 1989 and 1990 in a scan of the Z ~ peak.
About 50% of the integrated luminosity was taken at the peak (91.2 GeV), the remainder being distributed over six energies spaced at 1 GeV intervals across the resonance.
To isolate r +r events, essentially the same criteria are used as for the measurement of the total cross section and the forward-backward asymmetry in the e+e----,r+r process [10] , with some improvements aimed at reducing the hadronic background. The following requirements are designed to reject events from
Z~
(y), p+p-(y), and qq(g), and from yy-in- 10. Events are rejected if both hemispheres have a mass larger than 3 GeV/c 2, the mass being computed with charged particles, photons and neutral hadrons, as determined by an energy flow procedure [11 ] . 
The vertex constraint (1) eliminates most tracks which originate from beam-gas interactions, cosmic rays, and badly measured events. The multiplicity cut (2), the collimation cut (7) and the mass cut (10) remove hadronic Z ~ decays. Two-photon interactions are rejected with cuts (3), (4), (5) , and (6). Finally, e+e -(y) and p+p-(y) events are removed by cuts (8) and (9) . The selection procedure has an overall efficiency of (72.4 + 0.8)% corresponding to a selection efficiency of 84.5 % within the geometric acceptance given by cut (11) . The systematic error stems mostly from the ECAL wire energy and missing-mass cuts and was determined directly on the data in [10] and [12] .
The background contaminations are estimated from Monte Carlo simulations to be (1.1_+0.5)% from Z--*e+e -, (0.17+__0.08)% from Z~/~+/z -, and (0.24• from Z~qq. The background from yy~e+e -, p+p-, and r+r -are estimated to be (4.5 :t: 0.9), (4.7_+ 0.7), and (0.8 _+ 0.1) pb, respectively. The background from y?p--*qq and cosmic rays is found to be negligible. These different background estimates have been checked on the selected data by enlarging the cuts or by looking at restricted event samples which are more sensitive to the background level than the selected sample. Some indication of an overestimate of the ),y contamination is observed and a correction of (0.85 ___0.15) has been applied to the Monte Carlo estimate. The other background sources are found to be correctly described by the Monte Carlo simulation. Integrating the data across the Z ~ resonance, the overall background contamination amounts to 2.4%.
Periods of data taking where detectors or data acquisition were showing signs of misbehaviour were excluded from the data sample. In addition, some individual ECAL or HCAL modules occasionally experienced coherent noise pick-up or amplifier problems. In such cases, it was required that the thrust axis of the event did not point to the bad module with a tolerance of typically 20 ~ around it in order to be safe for photon reconstruction and/or particle identification. The inefficiency introduced by this procedure (5.6% and 6.7% for the inclusive and exclusive analyses, respectively) has been directly determined from the data.
Particle identification

The method
Particle identification is crucial for the measurement of the r branching ratios. Two cases are particularly important: (i) electron identification where electrons or positrons from photon conversions are searched for in order to restore the original charged particle topology in the inclusive analysis, and to reconstruct the corresponding photons in the exclusive analysis; and (ii) general particle identification where electrons, muons, and hadrons have to be distinguished one from the other in order to classify one-prong r decays.
Electron identification is based on dE/dx in the TPC and on two variables [8] , Rr and R L, which take advantage of the transverse granularity and the longitudinal segmentation of ECAL, and measure the degree to which an energy deposit in the ECAL towers near an extrapolated track conforms to that expected from an electron. For muon and hadron separation, two additional vari-ables are introduced. W, the average shower width in HCAL, and Nl0, the penetration, i.e. the number of fired planes in the last ten HCAL planes. Both quantities are derived from the digital read-out of HCAL.
The usual procedure to identify particles is to cut on one or several of these variables. Here, a likelihood method to combine these variables and to produce the best estimate of the particle type has been developed along the following lines:
9 Energy-dependent reference distributions of probability densities fJ (x/) are set up for variable x i and particle type j. 9 The probability is calculated for the considered particle to be of a given type. Using the reference distributions of the ith variable, a probability PJ is defined:
J J 9 The particle is assigned to the particle type which has the largest probability. This assumes a priori an equal probability for the three particle types, which is not far from the real situation.
All the reference distributions have been established from Monte Carlo calculations. However, they have been checked, and sometimes slightly modified, with real data using events from e+e --+e+e -, ]~ +]+ -with an electron or a muon tag, respectively, and e +e --+r +r-, where one of the r decays into pv+ (the p in turn decays into a r+ ~ and a re, therefore giving a Jr for the hadron sample). These reactions provide an experimental check of the particle identification with clean samples of electrons, muons, and pions.
Identification of electrons from photon conversions
Electrons from converted photons are identified using dE/dx, Rz+, and R r so as to maximize statistics and to retain a high particle identification efficiency: below 2 GeV/c, a dE/dx measurement is required and is supplemented by R L and R r if they are available, and vice versa for the momentum range above 2 GeV/c. The corresponding track selection efficiency etr (a measure of the availability of the requested information for the particle identification), the identification efficiency e .... and the misidentification probability el+,. are given in Table 1 . 
General particle identification
The general particle identification method is only applied to one-track r candidates which satisfy the following three additional conditions :
1. The momentum of the track is larger than 2 GeV/c, 2. The track does not point to ECAL cracks or the overlap region between barrel and end-caps (resulting in an inefficiency of 15.8%), 3. The extrapolation of the track to HCAL does not point into a HCAL crack (8.5% inefficiency).
After these cuts, the overall track selection efficiency is 73.6%. Figure 1 shows the distributions of three probabilities Pe, P,, and Ph for all one-prong r candidates on a triangular plot. Good separation is achieved between the particle species, and the distributions for data are well reproduced by the Monte Carlo. The results of the general particle identification method applied to Monte Carlo are given in Table 2 . Good agreement is found with experimental determinations, as discussed below. Table 2 . The particle identification efficiencies a~ (i= </2, h) and misidentification probabilities e~j (imj, j=e,/2,h) (in %), determined using the Monte Carlo r + v events. The particle types shown in the first row are those generated, in the first column those identified. Values are averaged for all momenta larger than 2 GeV/c Consistent with r + r background in e + e and/2 +/2 samples
Checks on the particle identification procedure with known samples
The selected samples of electrons, muons, and pions discussed in Sect. 4.1 can be used to check the contamination probabilities. Figure 2 gives the corresponding distributions of the probabilities Pe, P~, and Ph showing the expected peaks for the selected particles. The small contributions seen for the other particle types are the result of misidentification and of the small r +r-contamination in the e +e and/z +/~ samples. Table 3 gives a more quantitative comparison of the contaminations. The agreement is satisfactory, except for the separation between muons and hadrons where the small differences are caused mostly by the imperfect simulation of HCAL for penetrating particles. The effect is relatively minor and is included in the systematic error.
Photon and neutral pion reconstruction
Since about 40% of T decays have at least one ~o in the final state, it is essential to reconstruct efficiently photons and ~~ for the measurement of the quasi-exclusive and exclusive r branching ratios. Due to the large Lorentz boost, the photons from one or several neutral pions generate showers in ECAL which are in most cases very close to each other or to showers from charged hadrons. To provide a check on the estimate of systematic uncertainties, two different methods have been developed to identify photons in such a dense environment.
Both identification procedures begin with a search for local maxima among the towers of the first two stacks of ECAL in a cone of 30 ~ half-angle around the thrust axis computed with the charged tracks only. A maximum tower contains more energy than any of its immediate neighbours. Two definitions are used: in a strict definition neighbouring towers must have a common face (method A), whereas in a looser definition neighbouring towers share a face or a single corner (method B). Each local maximum represents the first tower of a separate cluster. It must have a distance of more than 4 cm from the impact point of a charged particle if the cluster is to be considered as a photon candidate.
The full reconstruction of the clusters and the assignment of energies start from the local maxima. In method A, the remaining towers are assigned in order of decreasing energy, adding the energy of a tower to the same cluster as its highest energy neighbour. Method B shares the energy of a tower between adjacent clusters using an algorithm based on the expected radial distributions for electromagnetic showers normalized to the energies of the local maxima. In both methods, photon candidates are required to have clusters extending in depth over at least two stacks in order to reject satellite clusters of hadronic showers. The minimum cluster energy is 250 MeV. This threshold is raised to 1 GeV if the photon shower overlaps with a cluster that is linked to the track of a charged particle, and an additional threshold of 100 MeV is required in the first stack.
The two algorithms for photon finding yield compatible results on branching ratios. The differences are consistent with our estimate of possible systematic effects. !The results quoted here are those obtained with method A. Figure 3a shows the photon multiplicity distribution for a r decay, in good agreement with the r Monte Carlo expectation using the final branching ratios determined in this analysis. The high multiplicity tail is expected from the small Z~ contamination. The energy spectra are also in good agreement down to 0.25 GeV (Fig. 3b) . The possible discrepancy around 1 GeV could be due to shortcomings in the Monte Carlo simulation of hadron interactions in ECAL leading to fake photon candidates. Variations of the two main thresholds from 0.25 to 0.5 GeV, and from 0.5 to 2 GeV, respectively, give only small differences in the branching ratios, which have been included in the systematic uncertainties.
A fraction of the converted photons is recovered and added to those found in ECAL. First, pairs of identified electrons and positrons are combined if their invariant masses are smaller than 100 MeV/c 2. Then, unassociated electrons or positrons in multiprong decays are assumed to originate from asymmetric conversions and are assigned to photons of the same energies. Detailed checks on the Monte Carlo simulation of photon conversions have been performed. The fraction of reconstructed photons coming from conversions in oneprong r decays with at least one photon is found to be 0.0784___0.0037 in the data. The corresponding Monte Carlo value is 0.0711_+0.0017. As an example, Fig. 4 shows the distribution of the distance between the conversion point and the interaction region. The general agreement between data and Monte Carlo indicates that both the description of the material around the beam pipe and in the inner wall of the TPC, and the understanding of the track geometrical cuts are adequate. The small excess of converted photons in the data with respect to the simulation has been accounted for in the estimate of systematic errors.
The distribution of the invariant mass m~y for all final states with at least two reconstructed photons is shown in Fig. 5 . A clear n o signal is seen with good agreement between Monte Carlo and data. The mass range for accepted n o candidates is 0.07 < myy < 0.21 GeV/c 2. When 219 ured on the same data sample [12] . For convenience, the ratio of hadrons to electrons and muons is used to obtain an absolute normalization for the 3 +3-pair production.
The hadronic events from the same runs as used in the 3 +r-analysis are selected as described in [12] , taking into account the selection efficiency, the estimated background and their systematic uncertainties. The average of the measured values of the Z o partial widths into electrons and muons:
/"had -21.00 + 0.22,
Fz+z is taken from [12] . Including a correction of 1.2% to take into account the photon exchange contribution under the Z 0 peak, the number of 3 +r-events which is used for the normalization of our sample is given by:
a photon is shared by distinct n ~ candidates, the combination with a mass closer to m~o is chosen.
Monte Carlo generator for Tau production and decays
The Monte Carlo generator KORALZ [13] is used to generate r+r events in the Z ~ energy range. The production includes initial state radiation up to order a 2 with multiple photon emission obtained through exponentiation, and final state radiation and electroweak corrections both to order a. No interference between initial and final state radiation is allowed in the case where multiple photon emission occurs in the initial state.
Monte Carlo generated r +3-events decay according to the decay library TAUOLA [14] which includes the following modes: z--*e9eV ~, BOuv~, ~v~, Kv~, pv~, K *v ~ , a~ v ~ , 4 rove, 5 rr v ~ , and 6 ~v~. The matrix elements for the first six channels are well known theoretically. The a I is known phenomenologically and decays into pr~ [15] , giving three charged r~'s or one charged rc and two 7r~ in equal amounts. The last three multipion decays are generated according to a simplified matrix element following phase space which, contrary to the other modes, does not include spin effects and therefore correlations between the two 3 decays. Finally, for the first seven modes, single photon radiation is included in the decay processes in the leading logarithmic approximation [16] .
The branching ratios used in KORALZ are close to the world averages. However, our method does not rely on their particular values.
Absolute normalization of Tau pair event sample
Assuming lepton universality in the Z 0 decays, the number of produced r + r-events can be derived from the corresponding number of electron and muon pairs. The cross sections for lepton-pair production have been meas-
The topological branching ratios
The method
The charged-track topology of a r + 3 pair event should be ij(i, j= 1, 3, 5). However, in practice, the topology of a detected r+3 -pair event is kl (k, l= 1, 2 .... ). This is due to the fact that (a) tracks may be lost because they overlap, escape detection, or interact; and (b) additional tracks may appear from converted photons and hadron interactions. In order to reduce the contamination, additional cuts are made on tracks from the event selection:
9 The cut on the transverse distance to the beam axis is tightened to 0.5 cm. 9 It is required that the relevant information is available for electron identification for all tracks. Electrons are identified by the method described in Sect. 4.2. 9 Identified electrons are removed if they are not the only track left in each decay Neither photon reconstruction nor the general particle identification method are used for this analysis.
The true number Nij of r + 3-pairs where one 3 decays into i and the other into j charged particles is related to the number of 3 +3-pair candidates n~ expected to be seen in the detector by: 
(10)
N~ + ~-is the total number of produced 3 + r pairs, and Bi T is the topological branching ratio for the decay into i charged particles. 7~j~k~ represents the probability for reconstructing r + 3-pairs with charge topology ij as 3 +r-pairs with topology kl. Finally, *abkg ;e ,,k~ -o the number of expected non-r + r -background events in the kl topology, obtained from the different Monte Carlo generators. The Monte Carlo determined mixing matrix T is given in Table 4 . It includes the selection acceptance and the track selection efficiencies required for electron identification. It is largely diagonal for small multiplicities. The r +r topologies with high track multiplicities are somewhat distorted by the overall multiplicity cut =< 6 tracks used in selection. The relatively lower efficiencies for three-prong decays are due to the missing mass cut (8) in the selection procedure. Even-even topologies are expected at a very small rate.
The final data sample consists of 5095 z-+z--candidates. Assuming the number ink1 of events actually observed in the detector is Poisson-distributed around the expectation nkt , then the parameters B~ r', B3r, and Bsr can be obtained by a likelihood method.
Study of systematic effects
Several effects can alter the charged-particle multiplicity. The uncertainty in the event selection has been found to be one of the dominant systematic sources of error. The effect due to the subtraction of non-z-+r background has been studied in the different topologies by varying the number of the non-z-+r -background events estimated from the various Monte Carlo generators. The electron identification procedure introduces possible biases at the level of the track selection efficiency and of the misidentification probabilities. These effects have been estimated by comparing Monte Carlo and data samples of pure particle types, as described in Sect. 4 .
The quality of the simulation of hadron interactions in the material near the beam pipe has been checked to be sufficient for our purpose: no significant effect was seen in the results when the transverse distance cut of tracks was varied between 0.5 and 2 cm. Increasing this cut has the effect of accepting more tracks which are scattered before being detected in the TPC.
Multi-prong z-decays lead to close overlapping tracks in the TPC. Special attention was given to the case where two overlapping tracks were lost because of reconstruction problems. This effect gives the dominant contribution to the mixing matrix element T13~ 11. Its systematic uncertainty is estimated to be 0.48% by detailed comparison of relevant distributions of the events in data and Monte Carlo and by event scanning. This results in a systematic uncertainty of 0.10% and 0.12% for B1 r and B3r, respectively.
Because of the z-+z-selection cuts, the efficiency for the hadronic z-decays varies slowly with the hadronic mass. Any discrepancy between data and Monte Carlo in the mass distribution could result in a slightly incorrect efficiency calculation. As such an effect is observed for the a~ channel (Sect. 9.2), a corresponding systematic uncertainty has been included.
Systematic effects from decays involving Ks~ + rc -are negligible since the corresponding branching ratio is small (~0.5%) and their efficiency is not expected to be very different from that of non-Ks ~ decays. Table 5 summarizes the systematic uncertainties for the measurement of the topological branching ratios.
Results
The likelihood fit of the observed distribution of multiplicities yields the following results for the topological branching ratios in %: where the first uncertainty is statistical and the second systematic. A common relative uncertainty of _+0.52% should be added to take into account the normalization of the z-+z--sample. The purely statistical correlation factor between Blr and B3 r is found to be p = -0.27 (the systematic contribution is small). As a check on the quality of the fit, the observed and fitted multiplicity distributions are given in Table 6 . The good agreement observed confirms the correct simulation of the data (conversions, interactions, track reconstruction) in the Monte Carlo calculations and the proper evaluation of non-z-+ z--backgrounds. The momentum distribution of the one-prong candidates agrees well with the Monte Carlo simulation (Fig. 6 ).
Limit on undetected r decays
From the absolute determination of z-branching ratios from the z-+v sample, it is possible to investigate the p(CeV/c) Fig. 7 . The selection efficiency for the one-prong decays as a function of the momentum of the charged particles existence of new decay modes which would be undetected by our analysis. Such a possibility would require special properties of these decay modes owing to our broad-band momentum acceptance (Fig. 7) . One could imagine the case, for example, where the r decayed into eN, N being a neutrino-like particle almost mass-degenerate with the r itself, so that the small momentum electron would escape detection.
To bound the branching fraction of such peculiar modes, it is useful to consider if the measured branching ratios represent a complete set. The measured sum 
is consistent with 100%. Since this result assumes lepton universality in the Z ~ decays, there is still the possibility that a new undetected r decay mode is exactly compensated by a deviation from universality of the v coupling to the Z~ Under the assumption of lepton universality in the neutral current, a 95~ CL limit can be set for totally undetected modes Bundeteoted < 2.1%. (13) 9 Quasi-exclusive branching ratios
The method
In this analysis, each reconstructed r decay is classified according to the number of charged particles, their type, the number of photons and rc~ reconstructed from photon pairs. Eight classes are thus defined (Table 7) . Not only is this definition general but also complete in the sense that all r decays selected by the analysis are classified. It is clear from Sect. 6 that the Monte Carlo generation includes more physics possibilities than our scheme permits: Cabibbo-suppressed decays involve charged kaons that we do not attempt to separate from pions, as well as neutral kaons. Although some possibility exists to identify K~ in HCAL, this is not implemented in this analysis. The situation is different for Ks~ decays into 2 7r ~ are readily identified, while for rc +Tr decays, the information on possible secondary vertices is not used at present (this can be improved when the need comes with more statistics). These problems are taken itno account in our procedure which relies on the Monte Carlo to simulate the corresponding reconstruction efficiencies. Since v decays involving K~ rc + r~ are only at the 0.5% level, the risk of producing large systematic effects is excluded.
The set of simulated r decay channels, as shown in Table 7 , may not be complete. For instance the decay mode r/rcT~ ~ is not included. However, such channels would lead to final states already included in our classification and consequently would be taken into account although possibly with an incorrect efficiency. Furthermore, the corresponding branching fractions should be of order 10 3 according to our present knowledge [4, 6] , and therefore all related effects are expected to be small compared to the statistical uncertainty.
The strategy to classify a reconstructed r candidate is the following:
1. If there is only one charged track: the general particle identification method is used and the decay is classified in one of the first six classes depending on the identified particle type and the number of ~r~ or 7's-2. If there is more than one charged track: electrons are first identified and then transformed into photon candidates according to the prescription given in section 4. If all charged particles happen to be identified as electrons, the event is in class 1, and the highest energy particle is Table 8 . The mixing matrix Ei~y, giving the probabilities for assigning a r decay in class i to class j. The matrix elements are given in %.
The generated class types are in the first row, and the identified class types in first column j i assumed to be the primary electron in the r decay. Otherwise, the candidate is classified according to the number of hadrons and the number of reconstructed photons.
Due to the particle identification inefficiency and misidentification probabilities, and due to the photon reconstruction inefficiency, some mixing occurs and the true number Ni ( = N~ Bi) of decay events in class i is related to the expected number n/ of decay events in reconstructed class j by:
i in which N~ is the total number of produced r decays, Bi are the branching ratios to be measured, the mixing matrix elements E~y give the probability of generated class i being reconstructed as class j, and tl bkg is the number of non-r background events obtained by Monte Carlo. Part of the background estimated at the selection level is significantly reduced by the particle identification criteria. Note that the r Monte Carlo enters only via the mixing matrix E whose elements are independent of the input branching ratios except for the rare K and K* channels.
The matrix E is given in Table 8 . It is mostly diagonal as a result of good particle identification and 7r ~ reconstruction capabilities. Some mixing is observed between classes with rr~ reflecting the difficulty of detecting a large photon multiplicity clustered around a charged track. It is important to notice that the ovrall efficiency in each class is large and rather uniform because of the looseness of the cuts used in the analysis.
The final data sample selected to ensure full particle identification for the quasi-exclusive analysis consists of 8429 r candidates. Note that this sample of r decays does not require that the full r + r event be reconstructed and identified. Consequently the samples used for the topological and quasi-exclusive analyses partly overlap' 2899 complete z-+r-events are used in both analyses, with an additional sample of 1914 events where only one of the two r's is kept for the quasi-exclusive analysis. The remaining parts of the two samples do not overlap. Assuming F/2bs is the number of observed r candidates in class j, then the branching ratios B i can be straightforwardly derived from (14).
Study of systematic effects
Many sources of systematic uncertainties have been considered for the measurement of the branching ratios of the individual channels. Some of them have been discussed in the previous sections.
An important source arises from the photon reconstruction. The corresponding uncertainty has been estimated by varying all relevant parameters (cluster thresholds, proximity to the charged track, n0 mass cut) within reasonable ranges. Possible statistical effects are also introduced in this procedure. Since they have not been subtracted out, the estimate is considered to be conservative.
The possible misclassification of the small residual hadronic background estimated from the Monte Carlo simulation has been taken into account in the non-r background uncertainties.
An additional source of uncertainty could come from r physics itself since the computation of the efficiency matrix relies on the proper Monte Carlo generation [ 13] of the kinematic distributions. Whereas the main channels (e, #, n, p, al, K, K*) are reasonably free of theoretical uncertainties, some biases could be expected in the less known channels (~z 3rt ~ 31r~r ~ 5~r,...). In fact, such a difference is noticed in the 3~r~z ~ channels (class 8) where w production is observed in the data but is not included in the generator. The corresponding systematic uncertainty has been estimated from the channel efficiencies obtained assuming different final states.
The various systematic uncertainties are summarized in Table 9 .
In order to compare the reconstructed classes in data and Monte Carlo, Echarged/Ebeam distributions are plotted for classes 1-3 ( Fig. 8 ) and invariant mass distributions of all detected particles are shown for the other classes (Fig. 9 ). Good agreement is found, except for the 3 ~z (in class 7) and ~r2rc ~ (in class 5) mass distributions where the observed mass shift is due to an inaccurate description of the a, resonance in the Monte Carlo. Our 3n mass distribution agrees with previous measurements, in particular with the precise determination of [ 15] . This effect has been included in the estimate of systematic uncertainties for the Monte Carlo physics simulation. 
Results
The results for the quasi-exclusive branching ratios are given in Table 10 . It must be emphasized that, because of the significant mixing between classes with zc~ some correlation is expected between the corresponding branching ratios. The strongest statistical correlation (p = -0.65) is observed between B 5 and B 6. The sum of the measured branching ratios is again consistent with completeness: 
i=l and, in particular, we find that the sume of one-prong channels (taking into account the correlation) is: 
3
Invariant mass(GeV/c 2) Fig. 9a -e. Distributions a-e of hadronic invariant mass of all detected final states for classes 4-8, respectively. Note that the small excess on the left hand side of the peak in d is due to a small contribution of the decays with only two selected tracks (cf. Table 7) and is consistent with the corresponding topological branching ratio (11) . This comparison clearly does not constitute a test of the one-prong problem, but rather a consistency check on the systerhatic effects involved in the analyses.
An exclusive analysis of final states with neutral pions
The analysis described in the previous section is not based on a completely exclusive definition of the channels with n~ since it accepts as ~z ~ candidates single photons (down to an energy of 250 MeV) not used in a n ~ mass combination. Here, the analysis is restricted to r decays with fully reconstructed n~ so that exclusive channels can be unambiguously defined. Therefore, decays with additional photons are rejected except for the h 3 n 0 channel.
Compared to the quasi-exclusive case, the background is expected to be smaller, but the efficiency is much reduced. High energy ~~ are lost: for energies larger than 10-15 GeV, it is no longer possible to resolve the two photons. Low energy n~ are also affected, in particular if they decay asymmetrically into two photons, because of the photon energy thresholds of 250 MeV and 1 GeV (as discussed in Sect. 5). A smaller efficiency also means an increased sensitivity to the dynamics of the hadronic system included in the Monte Carlo generator. Figure 10 shows the evidence for final states with n g~ (n > 1). In all cases, a signal is found with a ratio over background consistent with the Monte Carlo prediction.
The full procedure for the derivation of branching fractions is then repeated using only these fully exclusive channels with n~ The results are shown in Table 11 and compared with those from the quasi-exclusive analysis. Good consistency is observed between the two sets and thus there is no evidence for a mode not presently included in the Monte Carlo simulation. Quantitatively, the 225 Therefore, we conclude that the present description of the photonic modes of r decays in terms of multi-n ~ states is adequate and that the results of the quasi-exclusive analysis are valid. Consequently, the final values quoted for the branching ratios of the different r decay channels are those from the quasi-exclusive analysis.
Discussion
Comparison with other experiments
Our measurement of topological branching ratios are in good agreement with the world average with a slightly higher three-prong fraction (Fig. 11) . Table 12 gives the comparison between our quasi-exclusive branching ratios and the world-average values [4] . Whenever appropriate, a subtraction is made to account for the small contributions from decay modes included [4] from the weighted average of experimental results without additional constraints.
Our measured values for the electron and muon channels are in good agreement with the world average and recent results from LEP [17] . The values for the channels hv~(rcv~+Kv~) and rtzr ~ are 1.2cr and 1.3o-above the world average, respectively. A larger disagreement is ob- served for the a~ decay mode in both channels: the h2zc ~ and 3h modes are 1.7o-and 2.3a higher than the world average, respectively. Figure 12 shows the values for B3h and Bh2,o from our determinations together with other experiments. A large spread is noticed between the different values. It should be emphasized that while the world-average values do show a "one-prong problem", they also point to a "three-prong problem" as well: the sum of the average values for the 3h and 3hr~ ~ channels differs from the three-prong topological branching fraction by (2.6 • 1.2)%. This inconsistency points towards an underestimation of B3h and/or B3hnO.
Comparison with theory
The measured branching ratios can be compared to the theoretical predictions. The latter are best expressed relative to the electronic branching ratio in order to be insensitive to the theoretically less-known r width. Reliable predictions based on lepton universality in the charged weak current can be made for the following channels: /~ ~7 v ~, h v ~ (from re, K~/l~7 ), and the multi-pions with G parity = + 1 related by CVC to the corresponding e + e-annihilation cross sections through an isospin rotation [3, 5, 6, 18] . It should be pointed out that no reliable predictions exist for the G = -1 channels (mostly rt2rc ~ and 3rQ.
Small corrections are applied to the theoretical predictions to account for channels with small branching fractions not included in our Monte Carlo description and distributed among the classes. This is the case for the following channels: Kzczc (1.1%), K/~z(0.16%), ~/nrc (0.13%), K/((0.12%), and o)n with e) --* re~ (0.24%), where the assumed values come from CVC and e+e -data [6] for rt rc n and K/~, from experiment for K/s [19] and e)n [4] , and from an estimate based on B,, and the Cabibbo suppression factor observed in BK/B ~ and BK./Bp for Krcrc. These estimates are consistent with experimental values or limits whenever available [4] .
The comparison, given in Table 13 , shows good agreement between our measured branching ratios and the theoretical predictions for all the channels where the latter can be made reliably.
Finally, the two channels 3re and zc 27r ~ are consistent with the dominance of the a~pg resonance, since where a value of one is expected. Further evidence is given by the 2 rc mass distributions showing a clear p signal in both channels, as seen in Fig. 13 .
Conclusion
The present analysis on z branching ratios relies on a large sample of r decays (8429 for the exclusive branching ratio analysis) provided by Z ~ decays. The selection procedure has both high efficiency (72.4%) and low background contamination (2.4%). Further selection is made to obtain reliable particle identification. Possible systematic effects are checked directly with data. Topological and exclusive r branching ratios are measured. In the latter case, events are classified into eight classes, general enough to encompass all possible decay modes. The knowledge of the number of r's produced from Z o decays enables absolute measurements to be made with a small normalization uncertainty (1.0%) under the assumption of lepton universality in Z ~ couplings.
The results show good internal consistency and agree with known theoretical constraints. There is no evidence for undetected decays and these can be limited to 2.1% at 95% CL. It is found that the defined channels are saturated by the expected decay modes. In particular, no significant evidence is observed for sources of photons beyond the expected modes with rc~ and QED radiation with a branching fraction limit of 3.4% at 95% CL. Therefore, these experimental results provide evidence against the previously claimed "one-prong problem".
Channels r--*37tv~ and r--*rc2n~ are in disagreement with the world average which however was obtained from a wide range of experimental values. The measured ratio between the branching ratios of these two modes is in agreement with the isospin invariance constraint.
